and cyclodextrin (CD) derivatives 5 were successfully used for the chiral stationary phase. In these cases, L-isomers eluted faster than D-isomers, because the chiral selectors used had stronger interaction with the D-isomers. This sometimes causes a problem when a small peak of the D-isomer is interfered by a big peak of the L-isomer. 5 Using a chiral selector as a mobile-phase additive is an alternative way to realize the enantioseparation of derivatized amino acids. 6, 7 N-t-Boc-phenylalanine was optically separated using quinine as a chiral counter ion. 6 Contrary to the CSP's cases, D-isomers eluted faster than L-isomers.
The enantioseparation of N-t-Boc amino acids with the mobile phase incorporated with other chiral selectors has not been reported.
In this work, CD's were used as chiral selectors for the enantioseparation of N-t-Boc amino acids. The influence of the mobile-phase composition on the retention and enantioseparation of N-t-Boc amino acids was studied. Also, control of the elution order of isomers by regulating the retention factors of both CD's and isomers was demonstrated by both the experimental data and a computer simulation.
Experimental

Apparatus
The HPLC equipment consisted of a 600E pump (Waters, Milford, MA, USA), a U6K injector (Waters), a CTO-10A column oven (Shimadzu, Kyoto, Japan) and a 454 UV detector (Waters). An HP3396A integrator (Agilent Technologies, Palo Alto, CA, USA) was used for data acquisition. An ODS-2 (GL Sciences, Tokyo, Japan) 250 × 4.6 mm (5 µm) was used for the separation column. The detection wavelength was 210 nm. The column oven was set at 30˚C. The volume of the injected sample was 10 µl. The mobile phase flow rate was 1.0 ml/min.
An LC/MS system was used to obtain the retention factor of CD. LCQ (ThermoFinnigan, San Jose, CA, USA) was connected next to the UV detector. The ESI probe was used for the sample ionization with 5 kV for the spray voltage and 250˚C for the heated capillary temperature. The m/z of the ion for the measurement was 1425.
A computer simulation was conducted with a DOS/V computer (CPU: Pentium III 1 GHz, Memory: 512 MB, OS: Windows NT 4.0). The simulation software was written in C language. The program was developed with Cygwin (Redhat, Durham, NC, USA; a UNIX like environment).
Reagents
Purified water was prepared by a Milli-Q plus system (Millipore, Molsheim, France). HPLC-grade acetonitrile (Wako Pure Chemical Industries, Osaka, Japan) was used for the mobile phase. The enantiomeric resolution of N-t-butyloxycarbonyl (N-t-Boc) amino acids D/L isomers by reversed-phase HPLC was investigated using cyclodextrins (CD's) as chiral selectors for the mobile phase. The use of a low pH (pH<4) for the mobile phase enabled the enantioseparation of N-t-Boc amino acids. The opposite elution order of D/L isomers was observed when hydroxypropyl-derivatized β-CD was used instead of native β-CD. A computer simulation of the enantioseparation showed that the ratio of the retention factors of the chiral selector and the sample determined the elution order and the resolution. When the retention factor of the chiral selector is smaller than that of the sample, an isomer having larger complex formation constant eluted faster. However, when the chiral selector had a larger retention factor than the sample, an opposite elution order of the isomers was obtained. The large difference in the retention factors between the chiral selector and the sample led to good enantiomeric separation. (Tokyo, Japan). Hydroxypropyl-β-CD (HP-β-CD, average content of hydroxypropyl group: 5.3) and heptakis-methyl-β-CD (Me-β-CD, average content of methyl group: 12.6) were kindly provided by Wacker Chemicals East Japan (Tokyo, Japan).
N-t-Boc-D-Tyr and N-t-Boc-L-Tyr
were purchased from Sigma (St. Louis, MO, USA). Phosphoric acid and potassium dihydrogenphosphate were purchased from Wako Pure Chemical Industries.
Simulation of enantioseparation using chiral selectors
The separation by reversed-phase chromatography with the mobile phase including a chiral selector was simulated using plate theory. In plate theory, the separation column is divided into small parts, called plates. A plate is the smallest unit that functions as a distributor. Figure 1 is an equilibrium model of each plate in a separation column. In this model, the equilibrium of each compound between the mobile phase and the stationary phase can be written as follows:
where Ko, Kc and Kcc are the equilibrium constants for each phase of the sample, chiral selector and complex, respectively. Kco and Kcs are the equilibrium constants for complex formation in the mobile phase and the stationary phase, respectively. Cso, Cco and Ccso are the concentration of the sample, chiral selector and complex in the mobile phase, respectively. Css, Ccs and Ccss are the concentrations of the sample, chiral selector and complex in the stationary phase, respectively. From Eq. (1) to (5), each concentration is derived as follows:
,
where Vo and Vs are the volume of the mobile phase and the stationary phase in each plate, respectively. Wsample is the weight of the sample in a plate. Wcs is the weight of the chiral selector in a plate. Using Eq. (6) to (15), each concentration of the components in the each plate can be calculated. Then, the mobile phase components in the plates (i.e., Cso, Ccso, Cco) are shifted for one plate toward the end of the column. Repeating these steps allows a simulation of sample elution.
Results and Discussion
Dansyl amino acids have been successfully enantioseparated by using β-CD as a chiral selector in the mobile phase. 7 In the case of N-t-Boc amino acids, however, the retention time was too short to separate optical isomers with the same mobile-phase composition, since they are less hydrophobic than dansyl amino acids. Therefore, it is necessary to prolong the retention time for enantioseparation.
We started a study to make the retention of N-t-Boc amino acids longer by suppressing the dissociation of carboxyl groups by adjusting the pH to below their pKa. Figure 2 shows the chromatograms of the enantioseparation of N-t-Boc-Ala with various pH values of the mobile phase containing 10%(v/v) acetonitrile and 10 mM β-CD. The retention time increased remarkably below pH 6. Only one peak was obtained between pH 7.3 and 4.8. As the pH was lowered, however, the retention time of the isomers was prolonged and they began to be separated owing to suppression of the dissociation of the carboxyl group. This is consistent with the fact that most N-t-Boc amino acids have a pKa of around 4. The D-isomer eluted faster than the L-isomer. Other N-t-Boc amino acids showed a similar behavior to various pH values of the mobile phase. Figure 3 is a graph showing the effect of the concentration of acetonitrile in the mobile phase on the separation factor (α) of
Effect of pH on the enantioseparation of N-t-Boc amino acids
Effect of the acetonitrile concentration on the enantioseparation of N-t-Boc amino acids
N-t-Boc-Ala, N-t-Boc-Val and N-t-Boc-Tyr.
A lower acetonitrile concentration gave larger α values. This may be caused by the long retention time and stable complex formation owing to the low acetonitrile concentration. Table 1 shows the effect of the CD concentration on the retention factor and the separation factor. The retention factor decreased with an increase in the concentration of β-CD owing to complex formation. There was an optimal value of the β-CD concentration for the separation of N-t-Boc-Ala and N-t-BocPhe around 10 mM.
Effect of the CD concentration on the enantioseparation of N-tBoc amino acids
Effect of CD derivatives on the enantioseparation of N-t-Boc amino acids
Derivatized CD's have a large solubility in water because derivatization of the hydroxyl groups weakens their intermolecular hydrogen bonding. Also, they have been reported to have a large enantioseparation capability to a variety of compounds. [8] [9] [10] [11] The effect of the acetonitrile concentration on the enantioseparation of N-t-Boc-Ala was studied for hydroxypropyl derivatized CD and methyl derivatized CD (Fig.  4) . Enantioseparation could not be achieved with Me-β-CD, but HP-β-CD was effective for the enantiomeric separation of N-tBoc-Ala. Furthermore, at 5%(v/v) of acetonitrile, an opposite elution order of D/L isomers was observed. Figure 5 shows chromatograms of N-t-Boc-Ala with the mobile phase containing 10 mM HP-β-CD as a chiral selector and various concentrations of acetonitrile. When 20%(v/v) of acetonitrile was incorporated in the mobile phase, D-isomer eluted faster. Lowering the concentration of acetonitrile to 10%(v/v) gave only one peak, but two peaks appeared upon further lowering of the concentration to 5%(v/v). At this concentration, the L-isomer eluted faster. The concentration of acetonitrile varies the retention factors of both the sample and the chiral selector. Therefore, we conducted a simulation to investigate the influence of the retention factors of both compounds on the elution order of optical isomers. Figure 6 demonstrates the chromatograms simulated with various retention factors of the sample (ks), and the retention factor of the chiral selector (kc) is 10 (Kc = 10, Ko = ks when Vo = Vs). The opposite elution of isomers could be simulated by varying the retention factor of the sample. Table 1 Effect of the -CD concentration on the retention factor and separation factor of N-t-Boc-Ala and N-t-Boc-Phe
Opposite elution of N-t-Boc amino acids D/L isomers
The conditions are the same as in Fig. 3 
N-t-Boc-Ala
Retention factor (D isomer)
N-t-Boc-Phe
Retention factor (D isomer) data (HP-β-CD as chiral selector and N-t-Boc-Ala as sample) and the simulated results are plotted in the graph.
In both cases, the elution order depended on the value of the retention factors of both compounds; a larger difference of these factors resulted in a better separation of the D/L isomers.
When the retention factor of the chiral selector was smaller than the factor of the sample (ks/kc >1), the ordinary case for a separation system with the chiral selector incorporated mobile phase, the D-isomer eluted faster (i.e., kL/kD >1). The chiral selector helps the distribution of both isomers to the mobile phase. Because the D-isomer makes a more stable complex than the L-isomer, the D-isomer eluted first. When the retention factor of the chiral selector was greater than the sample (ks/kc< 1), the CD made the degree of distribution of the sample to the stationary phase larger. Therefore, the D-isomer, which makes more stable complex than the L-isomer, was retarded and the Lisomer was eluted faster (i.e., kL/kD< 1). The same value of the retention factor of the chiral selector and the sample (ks/kc = 1) resulted in no enantiomeric separation.
This result can be applied to most reversed-phase chromatography separation systems with chiral selectors incorporated in the mobile phase.
Conclusion
N-t-Boc amino acids could be optically resolved with a CDincorporated mobile phase by regulating the pH. The elution order of N-t-Boc amino acids could be determined by regulating the retention factor of both N-t-Boc amino acids and the CD derivatives. The large difference of the retention factors allowed high enantiomeric separation of the sample isomers. The same value of the retention factors gave no enantiomeric separation.
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ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 , Vo = 1, Vs = 1; plates in column: N = 15000; ratio of sample concentration: D-isomer/L-isomer = 1/2. Fig. 7 Effect of the ratio of the retention factors of the sample (ks) and the chiral selector (kc) on the ratio of the retention factors of D/L isomers (kL/kD). For experimental data, N-t-Boc-Ala and HP-β-CD were used as the sample and the chiral selector, respectively. The parameters for the simulation were the same as in Fig. 6 .
